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ABSTRACT
We report the discovery of clear observational signs of past accretion/merger events in
one of the Milky Way satellite galaxies, the Sextans dwarf spheroidal (dSph). These
were uncovered in the spatial distribution, internal kinematics and metallicity proper-
ties of Sextans stars using literature CTIO/DECam photometric and Magellan/MMFS
spectroscopic catalogues. We find the spatial distribution of stars to vary as a function
of the colour/metallicity, being rather regular and round for the blue (metal-poor) red
giant branch and main-sequence turn-off stars but much more elliptical and irregu-
larly shaped for the red (metal-rich) ones, with a distinct “shell-like” overdensity in
the northeast side. We also detect kinematic anomalies, in the form of a “ring-like”
feature with a considerably larger systemic line-of-sight velocity and lower metallicity
than the rest of stars; even the photometrically selected component with a regular
looking spatial distribution displays complex kinematics. With a stellar mass of just
∼ 5×105M, Sextans becomes the smallest galaxy presenting clear observational signs
of accretion to date.
Key words: galaxies: individual: Sextans dSph – galaxies: dwarf – galaxies: structure
– galaxies: evolution – Local Group – dark matter
1 INTRODUCTION
According to the Λ-Cold Dark Matter (ΛCDM) cosmologi-
cal framework of structure formation, Milky Way (MW)-like
and massive galaxies are formed in a hierarchical process
through mergers and accretion of smaller systems (White &
Rees 1978). Nevertheless, mergers are also expected between
low mass haloes (e.g. Fakhouri et al. 2010). Deason et al.
(2014) showed, using dissipationless cosmological zoom-in
simulations, that very few isolated dwarf galaxies in the Lo-
cal Group (LG) could have escaped from a major merger in
their formation history. More recently, also Ben´ıtez-Llambay
et al. (2016), using cosmological zoom-in simulations of the
LG formation, argued that mergers played a significant role
in the formation of at least some isolated dwarfs. Regarding
satellite dwarf galaxies, these are half as likely to have ex-
perienced a major merger as compared to isolated dwarfs of
similar mass (Deason et al. 2014).
From an observational perspective, different substruc-
tures have been discovered in the kinematics and density
distribution of the stellar component of several LG dwarf
galaxies, probably resulting from the disruption of smaller
accreted dwarfs. Among the galaxies with a clear observa-
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tional evidence of external accretion, the smallest one up to
date is And II (∼ 107 solar masses in stars), in which Amor-
isco et al. (2014) detected the presence of a stellar stream.
Subsequently, several studies modeled the galaxy as the re-
sult of a merger between two dwarfs (see e.g. Ebrova´ &  Lokas
2015; Fouquet et al. 2017), reproducing also And II observed
prolate rotation (Ho et al. 2012). Recently, prolate rotation
was also detected in the Phoenix transition-type dwarf; this
kinematic feature, combined with the peculiar spatial dis-
tribution of the young stars, was interpreted as a sign of an
accretion or merger event (Kacharov et al. 2017). Another
complex system is the Fornax dSph: Battaglia et al. (2006)
found a double peaked line-of-sight (LOS) velocity distribu-
tion for the metal-poor stars of this galaxy, which, together
with the asymmetric and more centrally concentrated distri-
bution of its young stars, could have resulted from the recent
accretion of external material after the merger with another
dwarf, consistent with a previous evidence of a shell-like fea-
ture (Coleman et al. 2004) and the scenario later proposed
by Amorisco & Evans (2012) where Fornax formed from a
late merger of a bound pair.
Other examples of substructures not necessarily formed
by accretion of smaller galactic systems are also present
among the dwarf galaxies satellites of the Milky Way. For ex-
ample, Ursa Minor shows a secondary peak in its stellar den-
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sity (Bellazzini et al. 2002), where Kleyna et al. (2003) then
detected a cold kinematic signature also confirmed by Pace
et al. (2014). In both these latter works it was argued that
this cold kinematic sub-structure would probably correspond
to a stellar object that survived to multiple orbits within the
gravitational potential of the dwarf galaxy thanks to, either
having its own dark matter halo protecting it, or due to Ursa
Minor dark matter halo being cored instead of cuspy. The
Sculptor dwarf spheroidal galaxy also presents cold kine-
matic substructures (see Chapter 4 in Battaglia 2007). As for
the Sextans dSph, Kleyna et al. (2004), Walker et al. (2006)
and Battaglia et al. (2011) (hereafter K04, W06 and B11 re-
spectively) identified localized cold kinematic substructures
in the inner regions of this system; thanks to the availability
of metallicity estimates for the individual stars, B11 traced
the signature back as belonging to Sextans’ metal-poor com-
ponent.
In this work we report the detection of clear observa-
tional signs of accretion in the Sextans dSph, which impact
on both the spatial distribution and internal kinematics of
the dwarf galaxy. This paper is structured as follows: in
Sect. 2 we use the Cicue´ndez et al. (2018) (hereafter C18)
CTIO/DECam photometric catalogue and show that the
spatial distribution of blue RGB (bRGB) and main-sequence
turn-off (MSTO) stars is remarkably different from the one
of red RGB (rRGB) and MSTO stars; in Sect. 3 we re-
analyze the MMFS spectroscopic sample from Walker et al.
(2009b) (hereafter W09) with the membership probabilities
derived in C18 and detect the presence of a “ring-like” fea-
ture with a distinct velocity from the rest of Sextans’s pop-
ulation and having a lower relative metallicity. Finally, we
summarize the results and discuss the possible origins of the
detected features in Sect. 4.
2 ANOMALOUS DIFFERENCES BETWEEN
THE SPATIAL DISTRIBUTION OF BLUE
AND RED RGB STARS
The CTIO/DECam photometric dataset published by C18
consists of a catalogue of point-like sources with SDSS g−
and r− magnitudes covering nearly 20 deg2 around the Sex-
tans dSph and reaching down to ∼ 2 mag below Sextans’
oldest main-sequence turn-off.
Here we use this data-set to analyze the spatial distri-
bution of Sextans stars as a function of their colour. The ma-
jority of the following analysis is based on sources brighter
than g = 23, because this guarantees that the photometric
catalogue is unaffected by artificial overdensities appearing
in the outer parts of the DECam pointings (see C18); at
the distance of Sextans, this magnitude cut essentially cor-
responds to the base of the RGB. We will however also use
stars in the range 23 < g < 24, that is on the MSTO, down
to the S/N ∼ 10 level of the shallowest pointing in the mo-
saic, to verify that the results hold also for the stars in this
evolutionary phase.
The colour-magnitude diagram (CMD) selection regions
adopted for the analysis are displayed in Fig. 1. To define
the CMD masks we first selected stars within a major axis
distance of half a degree, in order to avoid most of the con-
taminants, and then retained only point-like sources com-
patible with being MSTO, sub-giants or RGB stars. The
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Figure 1. CMD from C18 CTIO/DECam dataset for stars with
major axis distance less than 0.5 deg from Sextans centre. Blue
and red lines show the selection masks used to select blue and
red RGB (and MSTO) stars, respectively. The horizontal line at
g = 23 separates the RGB from the MSTO selection (see main
text).
resulting CMD was then binned along the magnitude axis
(g) and the 85th and 50th percentiles of the colour distribu-
tion in a given magnitude bin were evaluated; finally, these
selection limits were cubic spline interpolated at each data
point of the whole dataset, so that each object could be
then easily assigned either to the blue or to the red selec-
tion. We used the 85th percentile of the colour distribution
to define the “blue” (inner) limit of the red selection box,
and the 50th percentile for the “red” limit of the blue selec-
tion, while their outer limits are defined by these ones plus
one and minus two times the median colour uncertainties at
each magnitude bin, respectively. Note that each selection
box likely contains a fraction of stars that originally belong
to the other one due to the colour uncertainties, which are
typically larger than the gap between both selection boxes.
Figure 2 shows the spatial distribution of bRGB and
rRGB point-like sources. These have been decontaminated
following two different methods: a matched-filter analysis
as in C18 (see iso-density contours in the top-panels) and
a decontamination method acting on the individual point-
sources without spatial binning (bottom panels), described
in the Appendix. One can appreciate a rather regular and
almost round spatial distribution of the bRGB stars, while
the spatial distribution of rRGB stars is clearly more el-
liptical and with an irregular shape, with the presence of
an overdensity of stars in the northeast side, reminiscent of
the shells observed in much larger galaxies, and the centre
of the bulk of the population slightly displaced southwest
with respect to the one of the bRGB stars. We note that
we have explored different color cuts and converged on the
one that best highlights the differences in the spatial distri-
bution of bRGB and rRGB stars, while not compromising
number statistics.
Being the spatial distribution of the bRGB fairly ax-
isymmetric, we derived its structural parameters following
the method by C18 based on Richardson et al. (2011), which
works by evaluating at the locations of the individual stars a
likelihood expression which depends on the surface density
profile to be fitted as well as on the ellipticity, position angle,
etc. As in C18, in this expression we also included the surface
density of contaminants by modelling it with a spatial bi-
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Figure 2. Top: Spatial distribution of blue (left) and red (right) RGB stars (see CMD masks in Fig. 1), with overlaid iso-density contours
from the matched-filtering method denoting exponentially increasing values of stellar number density, with the outermost contours tracing
the 3σ detection. Green and magenta contours respectively trace the 3σ detections above and below the mean of the residuals between
the decontaminated matched-filtered maps of the corresponding deep CMD selection boxes (MSTO) and the mean of their best-fitting
axisymmetric models (King, Sersic, Plummer and Exponential profiles). Black ellipses show the nominal King tidal radius derived in
C18. Bottom: Spatial distribution of blue (left) and red (right) RGB stars after decontaminating the stellar locations with the method
explained in the Appendix. Red circles delimit the region centered on (0.42,0.17) deg where a considerably higher concentration of redder
stars was detected (see also Fig. 4).
linear distribution (i.e. a plane) to account for the expected
spatial gradient in the density of MW contaminants. The
most probable value of each structural parameter is then
evaluated by sampling this likelihood expression through a
Markov chain Monte Carlo (MCMC) sampler, where in our
case we used“The MCMC Hammer”(Foreman-Mackey et al.
2013)1.
The visual impression is confirmed by this quantitative
1 As in C18, the code we used (https://github.com/grinsted/
gwmcmc) was developed at Centre for Ice and Climate (Niels Bohr
Institute), for which we defined a total of 80 walkers, each of them
doing approximately 104 steps.
analysis (see Tab. 1): the ellipticity of the bRGB is 0.05, to
be compared to the value of 0.27 of Sextans overall stellar
population down to the same magnitude limit; the position
angle of this blue RGB population is ill-determined, due
the round shape; there is also a hint of a smaller half-light
radius of the bRGB stars with respect to the overall Sextans
stellar population, with the former having ∼ 19 arcmin and
the latter ∼ 22 arcmin (see Table 3 of C18). We checked that
the half-light radius of the bRGB population becomes even
smaller if adopting a bluer selection, reaching down to values
as low as ∼ 17 arcmin; this can probably be understood by
the bRGB box containing stars originally belonging to the
rRGB populations, scattered in the blue box by photometric
MNRAS 000, 1–10 (2018)
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Table 1. Structural parameters (median values of the marginal-
ized posterior distributions) for Sextans stars falling in three of
the selection boxes plotted in Fig. 1, derived with the MCMC
Hammer when modelling the surface number density as an ex-
ponential profile. Regarding the 2D half-light radii rh , they were
derived from the exponential ones re using rh = 1.678 re (Wolf
et al. 2010). If we were to fit a Plummer profile, the only statisti-
cal difference would be in all the values of the 2D rh being ∼ 1− 2
arcmin larger.
Parameter Blue RGB Blue MSTO Red MSTO
α2000 (º) 153.282+0.008−0.008 153.285+0.004−0.004 153.25+0.02−0.02
δ2000 (º) −1.613+0.008−0.009 −1.619+0.004−0.004 −1.588+0.009−0.009
Ellipticity 0.05+0.05−0.04 0.05+0.03−0.03 0.44+0.04−0.04
Pos. angle (◦) 20+40−30 40+20−20 59+3−3
re (
′) 11.6+0.6−0.6 10.7+0.3−0.3 13.8+0.6−0.6
2D rh (
′) 19+1−1 18.0+0.4−0.4 23+1−1
Radius (degrees)
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Figure 3. Contamination subtracted surface number density pro-
file of the axisymmetric blue MSTO stars as a function of the ma-
jor axis radius (with the external parts zoomed in), overlaid onto
the 1σ confidence interval (red band) of the best-fitting exponen-
tial profile obtained with the MCMC Hammer. The 1σ confidence
interval is computed from the best-fitting model assuming Poisson
variances in each elliptical annulus.
errors in the colour, if the rRGB population has a larger
half-light radius than the bRGB one (see below).
Even though at magnitudes fainter than g = 23 artificial
artifacts starts appearing in the outer regions of the point-
ings, we repeated the analysis on the point-sources falling
within the blue and red selection boxes in the magnitude
range 23 < g < 24 to test whether the features detected are
preserved at fainter magnitudes, below the MSTO. In this
case, we also derived the structural parameters of the red
population, which should be taken with a grain of salt due
to the departures from axisymmetry in the spatial distribu-
tion of these stars. The results are summarized in Table 1:
the round shape of the blue population and much flatter dis-
tribution of the red one are confirmed, as it is the difference
in the centre coordinates; furthermore, the red component is
significantly less concentrated than the blue one, as reflected
in the value of the half-light radius. Since our aim here was
not to determine which functional form best represents the
surface number density of the stars in the different CMD se-
lections, but to quantify relative differences in their spatial
distribution, we report the results only for an exponential
profile, in order to restrict the number of free parameters.
Figure 3 shows that the best-fitting exponential model gives
a satisfactory representation of the observed surface den-
sity profile of the axisymmetric blue MSTO, even despite
the artificial artifacts in the outer regions of the pointings.
We also tested whether the “shell-like” overdensity of rRGB
stars in the northeast part of the field-of-view continues be-
ing present also in the fainter selection; to this end, we stud-
ied the distribution of residuals between the decontaminated
matched-filter density map of the red stars from the deeper,
MSTO selection and the best-fitting axisymmetric models:
the 3σ contours of over- and under-densities are plotted in
the top panels of Fig. 2 and show that indeed the 3σ over-
and underdensities detected in the MSTO red selection coin-
cide with the “shell-like” feature in the distribution of rRGB
stars and the gap between such feature and the bulk of the
rRGB population.
Using theoretical isochrones from the canonical models
of the BASTI library2 we constrained the mean metallicity of
the blue and red selections to be within −3.6 < [Fe/H] < −2.6
and −2.6 < [Fe/H] < −1.6, respectively. These two intervals
are compatible with the two metallicity peaks found by B11
in the spectroscopic metallicity distribution function of the
RGB stars, which the authors fitted with a sum of two Gaus-
sians of means [Fe/H] = −2.7 and [Fe/H] = −2.0. We also
checked that these values are broadly in agreement with the
spectroscopic metallicities measured by B11 for the stars
falling in each of our RGB CMD selection boxes: the blue
and red selections are indeed associated with B11 metal-poor
and metal rich populations respectively and they are incom-
patible with being extracted from a common parent distri-
bution in metallicity (p-value < 0.03 from a Kolmogorov-
Smirnov test).
We conclude then that stars falling within the blue se-
lection, which display a round and regular spatial distribu-
tion, encompass the metal-poor part of Sextans’s stellar pop-
ulation, while those in the red selection, which have an asym-
metric, clumpy and fairly flat distribution, encompass the
metal-rich population of Sextans. As we will see in Sect. 3,
anomalous properties can also be appreciated in the internal
kinematics of Sextans’s stellar component.
Here we notice that the presence of these stellar popu-
lations with distinctly different spatial distributions appears
to be the culprit for the different structural parameters ob-
tained by C18 as a function of magnitude when analyzing
Sextans overall stellar population, where a deeper magni-
tude cut ((g, r) = (24.9, 24.9) Table D.1, C18) was yielding
a rounder and more concentrated spatial distribution than
when adopting a brighter cut ((g, r) = (23.0, 23.0), Table 3,
C18). In that work the cause for this behavior could not be
traced back to any obvious difference in the stellar popu-
lation mix as a function of magnitude. Since at magnitudes
fainter than g = 23 the outer parts of the pointings of the C18
DECam dataset suffered from artificial overdensities caused
by the morphological misclassification between extended and
2 http://albione.oa-teramo.inaf.it
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point-like objects due to out-of-focus regions, and fainter
than g ∼ 24 small differences in depth between the pointings
start appearing, C18 maintained a cautious approach and re-
ferred the reader to the structural parameters derived from
the brighter portion of the photometric catalogue. Thanks
to the analysis in this work, this behaviour can now be un-
derstood as due to a variable proportion of blue versus red
stars as a function of magnitude, which we find to be higher
at the deepest magnitudes. Therefore, in practice, the struc-
tural parameters derived for Sextans are dependent on the
magnitude cut adopted, due to the varying proportion of
blue/red stars having distinct spatial distributions. Strictly
speaking, when regarding Sextans as a whole, the structural
parameters derived from the deepest catalogue (Table D.1,
C18), which encompass more of Sextans’s stars, should be
more appropriate.
Finally, we note that the over- and under- densities de-
tected in the middle panel of Fig. 7 in C18 in Sextans’s
overall stellar population can be confirmed as real features
and understood as a consequence of the inadequacy of one
single axisymmetric model in capturing the complexity of
the underlying stellar population.
We also note that in the region marked with a red circle
in the bottom panels of Fig. 2 the distribution of red stars
is particularly clumpy, and coincides with an apparent de-
crease in the number of stars plotted in the decontaminated
blue RGB map. No clear overdensity, such as a stellar clus-
ter, is visible in the DECam images at that location. The
CMD of this region is particularly red with respect to the
CMD of the remaining stars at the same elliptical radius
(Fig. 4), and comparison with BaSTI isochrones suggests a
metallicity [Fe/H]= −1.6, that is at the high metallicity end
of what found for the red RGB and MSTO selection; this is
perhaps signaling that star formation in that region occurred
more recently than in the surroundings and could give hints
as to the details of the process that caused the shell-like
feature and asymmetric distribution of the red stars.
3 A “RING-LIKE” KINEMATIC
SUBSTRUCTURE
The W09 spectroscopic dataset consists of LOS heliocentric
velocities and pseudo-equivalent widths of the Mg-triplet ab-
sorption feature (ΣMg) obtained with the Michigan/MIKE
Fiber System at the Magellan 6.5m Clay Telescope; here
we include only those 440 RGB and horizontal branch (HB)
stars with a probability higher than 95% of being members
to the Sextans dSph, as determined in C18.
The top-left panel of Fig. 5 shows the W09 LOS veloc-
ities with respect to the dwarf galaxy rest frame (DRF),
after smoothing them with a kernel of ∼ 5 arcmin. The
original W09 LOS velocities in the heliocentric rest frame
(HRF) were converted into the DRF ones using Eq. 4 of
Walker et al. (2008), a systemic velocity of 224.3 km/s (W09)
and the transformations derived in their appendix, together
with the HRF proper motion of Sextans dSph measured in
Casetti-Dinescu et al. (2017)3. In this plot we can distin-
3 After submission of the article to the journal, the Gaia collabo-
ration released Gaia DR2 based systemic proper motions for the
classical dwarf galaxies satellites of the Milky Way (Gaia Collab-
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Figure 4. CMDs of the detected red blob at position (0.42,0.17)
deg in the bottom panels of Fig. 2 (top) and of the rest of stars
at the same major axis distance (bottom) for comparison; the
isochrone (red line) has [Fe/H]= −1.6 and 13 Gyr in age and was
produced by the canonical models of the BaSTI stellar library.
guish a “ring-like” feature, which has a systemic LOS ve-
locity larger than the rest of the stars; this feature is also
visible when looking at the HRF velocities, before converting
them into the DRF system. We note that we used only the
W09 dataset because neither the VLT/FLAMES dataset by
B11 nor the Keck/DEIMOS one by Kirby et al. (2010) have
the appropriate spatial coverage to properly sample the de-
tected feature; also, we decided not to combine datasets due
to some systematics showing up in the comparison of veloc-
ities from overlapping Sextans members (see Figure A1 in
B11), which could alter the signal.
Since the LOS velocities from the W09 Michigan/MIKE
Fiber System dataset are the result of the weighted mean
of measurements performed with the blue and red spectro-
graph channel, and sometimes of repeated measurements be-
tween overlapping pointings, we checked that the observed
“ring-like” shape was not caused by any systematic differ-
ence between the velocities measured with one channel or
the other, systematics in some fields or in the overlapping
regions between them, or outliers in the individual measure-
ments used to obtain the mean velocity of each star. We
also analyzed the velocities of all the spectroscopic targets
without considering their membership probabilities, search-
ing for some foreground/background object in the LOS of
Sextans that could be responsible of creating this “ring-like”
oration et al. 2018). We have verified that using the Gaia col-
laboration systemic proper motion for Sextans to transform the
velocities into the DRF system the results presented in this sec-
tion are unaffected.
MNRAS 000, 1–10 (2018)
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feature on the kinematics, but none was found. We conclude
then that the “ring-like” feature is real and belongs to the
Sextans dSph.
The “ring-like” feature is also clearly visible at the same
location in a smoothed map of ΣMg values4 (top-right panel
of Fig. 5), which also indicates that the stars that populate
this feature have a lower metallicity relative to the rest.
In order to characterize this feature, we used the map
of smoothed velocities as a reference to manually isolate the
stars of the “ring” (152 sources) according to their spatial
location and to define a control sample, that is the stars lo-
cated in the inner and outer regions defined by the “ring”
(179 sources). We note that to characterize these two sam-
ples we analyse the original measurements in velocity and
ΣMg, not the smoothed ones. To this end, before proceeding,
we first performed a Kolmogorov-Smirnov (K-S) test on the
measurements in DRF velocity and ΣMg of the inner and
outer regions of the control sample and verified that they
are compatible with having been extracted from the same
distributions in velocity and ΣMg (p-values > 0.85 and 0.50,
respectively); we can therefore treat them as a single control
sample.
Already at a visual inspection, the distribution of the
DRF velocities of stars in the region of the“ring”shows clear
differences with respect to the control sample, and mild dif-
ferences are detected also between the ΣMg distributions
(see Fig. 6), both when unconvolved (top) and convolved
(middle) with the measurement errors; in particular, when
considering the unconvolved distributions, the mean veloc-
ities and ΣMg confirm that the “ring” moves faster and is
more metal-poor than the control sample, while no signifi-
cant difference is measured in the spread (quantified by the
standard deviation) for both observables (see Table 2). If we
approximate the distributions with Gaussians, as it is com-
monly done (an approximation valid to a first order only, as
we will see below), and derive the mean and intrinsic disper-
sions via a MCMC maximum likelihood analysis that takes
into account the scatter caused by the uncertainties on the
individual measurements, we confirm that the “ring” moves
faster and is more metal-poor than the control sample, with
the means of the distributions being separated by more than
7σ and 3σ (see Table 2). K-S tests between the “ring” and
the whole control sample yield a negligible (p-value < 10−8
in velocity) and unlikely (p-value < 0.05 in ΣMg) probability
that they were extracted from the same parent distributions.
We note that neither the “ring” nor the control sample have
a systemic velocity equal to the literature values, while there
are not appreciable changes in the velocity dispersion.
In order to estimate the number of “ring” members from
its selected candidates, we summed all their membership
probabilities according to the Gaussian distributions fitted
for the control and “ring” samples, obtaining a total of 84
stars following the velocity and ΣMg distributions of the
4 The ΣMg values we use throughout this work were corrected for
the dependence of opacity on the gravity and temperature of the
star, which Walker et al. (2009a) showed correlates with V-VHB
along the RGB. To this aim, we applied the correction in Eq. 3 of
Walker et al. (2009a), using the V magnitudes measured by W09
and B11. We excluded the stars compatible with being HB stars
at the distance of Sextans, because the correction was originally
developed only for RGB stars.
Table 2. Means and standard deviations of the DRF LOS ve-
locities and ΣMg distributions for the “ring” and control samples,
obtained with sample formulas and the MCMC Hammer.
Parameter “Ring” Control
sample sample
vDRF (km/s), sample formula 2.79 -1.77
σ(vDRF) (km/s), sample formula 8.93 8.47
vDRF (km/s), MCMC 2.93
+0.65−0.65 -1.87+0.58−0.58
σ(vDRF) (km/s), MCMC 7.33
+0.51−0.47 7.27+0.46−0.43
ΣMg (A˚), sample formula 0.254 0.281
σ(ΣMg) (A˚), sample formula 0.104 0.120
ΣMg (A˚), MCMC 0.246+0.009−0.009 0.273+0.009−0.009
σ(ΣMg) (A˚), MCMC 0.046+0.009−0.009 0.069+0.009−0.009
“ring”; that is ∼ 20% of the total 440 analysed stars. This
would set a lower limit in the number of “ring” members if
considered as an accreted object.
From Fig. 6 it is also apparent that neither the “ring”
nor the control sample velocity distributions are Gaussians.
In order to substantiate this statement, while taking into
account the fact that the shape of the distributions might
be influenced by the measurement errors, we randomly ex-
tracted numerous resamples from both convolved distribu-
tions, each with the same number of members as their orig-
inal samples, and performed an Anderson-Darling test to
each of them. As a result, we obtained an unlikely probabil-
ity for both samples of being extracted from a Gaussian ve-
locity distribution (median p-values < 0.007 and 0.05 from
the control and “ring” resamples, respectively). While this
fact in itself does not necessarily imply that the populations
are not in dynamical equilibrium, it appears indicative of
complex stellar kinematics, probably due to the left-over of
the accretion/merging event that produced the “ring-like”
feature.
Finally, the middle and bottom panels of Fig. 5 show
the smoothed DRF velocity and ΣMg maps associated to
the targets with magnitude and colours that place them
in the blue and red CMD selections, respectively, used in
Sect. 2. The round shape observed for the blue population
selected in the CTIO/DECam photometric data is reflected
in the round shape of the blue spectroscopic targets, as it is
the flattened and clumpy distribution of the red population,
despite the much brighter magnitude cut used in the spec-
troscopic sample, just below the HB. In spite of the lower
statistics caused by the CMD selection and the colour un-
certainties mixing both populations, we can still distinguish
the“ring” in the blue selection, both in the velocity and ΣMg
maps, but not in the red selection, in which it coincides with
a lack of stars. Therefore, even the population of CMD-blue
selected stars, with a seemingly regular spatial distribution,
harbors complex kinematic features, whose origin is difficult
to understand within a quiet evolutionary history, and would
strongly suggest a past accretion or merging event. Being the
spatial distribution of the blue stars the most axisymmetric
of the CMD-selected components, we show in Fig. 7 the LOS
velocity dispersion profile of the CMD-selected spectroscopic
members in the DRF system as complementary information.
It was calculated using the expectation maximization (EM)
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Figure 5. W09 spectroscopic sample of Sextans most probable members, colour-coded using median smoothed (with a kernel of ∼ 5
arcmin) DRF LOS velocities (left) and ΣMg values (right), with the latter excluding the HB stars. The middle and bottom panels
correspond to the blue and red CMD selections plotted in Fig. 1, respectively. Those members whose values of DRF LOS velocities and
ΣMg are lower and higher than the range shown in the colourbar are plotted in blue and red. This was done to enhance the contrast
and emphasize the “ring”, given the fact that those stars with less close neighbors are not as smoothed as the central ones. Upper and
lower black crosses in the top-left panel mark the centres of the cold kinematic substructures detected in W06, and in K04 and B11,
respectively.
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Figure 6. Left: DRF LOS velocity analysis. Right: ΣMg analysis. Top and middle panels: Distributions not convolved and convolved by
the errors in the measurements, respectively. Bottom: Samplings from the MCMC Hammer of the mean and intrinsic standard deviation
of the distributions. The results corresponding to the “ring” and control samples are plotted in red and blue respectively.
technique outlined in W09, in the alternative form described
in C18. It is possible that the“ring”feature is contributing to
the slightly larger velocity dispersion values visible between
a radius of 0.1 and 0.3 deg.
We note that the cold kinematic substructures previ-
ously detected in W06 and K04 fall within the inner region
of the control sample (see black crosses in the top-left panel
of Fig. 5), while the cold substructure detected in B11 for
the metal-poor stars encompasses both parts of the control
and “ring” samples. As in W06, in this work we do not de-
tect any cold substructure for the metal-poor stars where
B11 detected it, that is within a major axis distance of 0.2
deg (Fig. 7). This is probably due to the different number
of stars being analyzed in this region (6 in B11 vs. 18 per
bin in this work) and to the different selection in metallicity.
Regarding the ones detected in W06 and K04, we have not
performed an analysis of the local velocity dispersion prop-
erties of all the available stars, therefore our findings are
not excluding the presence of these features, which, within
an accretion/merging scenario, could perhaps be the local
clustering of accreted stars close to apocenter.
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Figure 7. DRF LOS velocity dispersion profile of the blue CMD-
selected spectroscopic members as a function of the elliptical ra-
dius.
4 DISCUSSION AND CONCLUSIONS
By analyzing literature wide-area photometric and spectro-
scopic datasets for large samples of individual stars in the
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Sextans dSph, we have uncovered anomalies in both the spa-
tial distribution and kinematic properties of Sextans’ stellar
component. We have found a clearly different spatial distri-
bution for the blue and red RGB (and MSTO) stars, which is
almost round and regular for the former, while being asym-
metric and clumpy for the latter. In addition we have found
that their different spatial distributions are the responsi-
ble of the dependence of the obtained structural parameters
on the chosen magnitude cut in C18 and the underdensi-
ties there detected. Comparison with isochrones and spec-
troscopic metallicities showed that the photometrically se-
lected blue stars are on average more metal-poor than the
red stars.
In the analysis of the spectroscopic dataset, we have
found that Sextans hosts a “ring-like” feature which is de-
tected both in the kinematic and relative metallicity (as
given by the ΣMg) properties. Despite there being a few
wiggles in the LOS velocity dispersion profile of Sextans
(W09, B11 and Fig. 7), as the “ring” feature can be de-
scribed as a tilted ellipse, it was not previously detected as
a clear change in the mean velocity or increase in the veloc-
ity dispersion at a given radius when studying these prop-
erties via binning individual velocities in elliptical annuli.
The CMD-selected, seemingly regular looking, blue compo-
nent has actually complex underlying properties, being the
composition of at least two velocity and metallicity distri-
butions with different means, one of which forms the afore-
mentioned “ring”. It has to be noted that both the velocities
of the “ring” and the ones of the surrounding stars have an
unlikely probability of being extracted from a Gaussian dis-
tribution, which probably indicates even further kinematic
complexities within these populations.
A likely explanation for the anomalies we detected is a
past accretion/merger event; in fact, several of the charac-
teristics are reminiscent of those seen in on-going accretion
events or in systems thought to have experienced an ac-
cretion/merger. For example, the clump from the red RGB
stars in Sextans resembles a portion of a stellar stream, shell
or ripple related to accretion events detected in larger galax-
ies (Mart´ınez-Delgado et al. 2009, 2012; Rich et al. 2012),
while “ring-like” projected shapes (usually referred as arc-
ing loops or just stellar streams) similar to the one detected
in this work have also been found in more massive galaxies
(Mart´ınez-Delgado et al. 2008; Chonis et al. 2011).
As in the case of Sextans, the Fornax dSph, which is pos-
sibly the result of the late-merger of a bound pair (Amorisco
& Evans 2012), shows a shell-like feature within its main-
body (Coleman et al. 2004), a clump off-set from the centre
after dividing its RGB into a blue and a red portion (Fig. 8
in Battaglia et al. 2006), and was found to display hints for
a non-equilibrium kinematics in its metal-poor stellar popu-
lation in the central regions (Battaglia et al. 2006); later on,
an even more complex picture was unveiled, with evidences
for counter-rotation between the metal-poor and metal-rich
component (Amorisco & Evans 2012). The kinematically de-
tected “ring” in Sextans bears a morphological resemblance
to the stellar stream in the And II dSph (Amorisco et al.
2014), which likely merged with another dwarf of at least
one tenth of And II stellar mass. Differently from the case
of And II though, where a clear velocity gradient is observed
across the stream, the“ring”in Sextans appears to have over-
all a higher systemic LOS velocity than the rest of Sextans
population, perhaps resulting from an helical orbit. However
the “ring” could be telling just part of the story and being
formed by the dispersed stars of the accreted object which
happen to have a more distinct kinematic pattern, while the
rest is hiding under a more normal kinematics, and showing
up in the non-Gaussianity of the LOS velocity distribution
of stars at the location of the “ring” and outside.
Since the kinematically detected “ring” displays on av-
erage a lower metallicity than the rest of the population, it is
possible that it is, at least partly, formed by the remnant of
an object more metal-poor than Sextans; this appears rea-
sonable at the light of the luminosity-metallicity relation of
LG dwarfs (Kirby et al. 2013). But how did the asymmetric,
clumpy, redder/more metal-rich component originate? Did it
originate in-situ during the accretion or merger event? Simu-
lations such as those by Ben´ıtez-Llambay et al. (2016) point
to the possibility that the old stellar component of dwarf
galaxies might be assembled in mergers, while the younger
one would mostly form in situ from the accreted gas a few
Gyr after. However, the star formation history and gen-
eral chemical properties of Sextans are compatible with the
galaxy being a fossil from the pre-reionization era (Bettinelli
et al. 2018; Revaz & Jablonka 2018), which imposes tight
constraints for the sequence of events that shaped the object
and makes it hard to understand how the clumps and asym-
metries could have survived for such a long time. Clearly,
understanding the details of the possible accretion/merger
event experienced by Sextans will require dedicated simula-
tions, which should take into account the wealth of observa-
tional information available for this galaxy.
Finally, it is worth mentioning that while the smallest
galaxy with univocal signs of accretion up to date was the
And II dSph (Amorisco et al. 2014), which has a stellar mass
of ∼ 107M (McConnachie et al. 2007), Sextans has a stellar
mass of just ∼ 5×105M (McConnachie 2012), that is to say
∼ 5% of the luminous mass of And II. This places Sextans
as the smallest galaxy presenting clear observational signs
of accretion to date.
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APPENDIX A: DECONTAMINATION OF 2D
MAPS
The method we developed to decontaminate the 2D spatial
distribution of individual sources in the bRGB and rRGB
selection boxes without spatially binning the data was in-
spired by the one developed in C18 to decontaminate the
radial cumulative distribution functions (CDFs) of the dif-
ferent Sextans’ evolutionary phases.
We first calculate the ratio between the number of stars
falling in the CMD selection box of interest but located well
away from the galaxy centre, for example outside the King
tidal radius, therefore at a spatial location expected to be
occupied only by contaminants, and the number of objects
in this same spatial region but in a part of CMD known not
to contain stars from the target galaxy; in this case we used
the colour cut g − r > 1, as in C18. This ratio reflects the
expected proportion of contaminants in the CMD selection
box of interest with respect to the red ones (g − r > 1).
The algorithm next randomly resamples all the red
contaminants according to this ratio and decontaminates
the two-dimensional spatial distribution as we did with the
one-dimensional radial CDFs in C18, that is by removing
those stars spatially closest to the resampled contaminants.
We implemented two other features in this decontamina-
tion method. On one hand, in order to prevent removing
some stars with too large separation from their closest red
contaminant, we compute the probability distribution func-
tion of the separations between the stars from the sample
and their closest resampled red contaminants and limit the
maximum allowed separation to be the percentile 99% of
this probability distribution. On the other hand, inspired
by the procedure developed in Piatti (2018) to calculate
stellar membership probabilities in a globular cluster, in-
stead of making an unique decontamination from just one
resample of the red contaminants, our algorithm generates
numerous decontaminated maps (i.e. 1000) from many dif-
ferent random resamplings of the red contaminants. Then,
the probability that a star belongs to the galaxy is the ratio
between the number of times that it is not removed and the
number of decontaminations performed. We found that the
contaminants start being negligible when plotting the spa-
tial locations of those stars with a membership probability
larger than ∼ 60-70%.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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